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ABSTRACT

Cyclic Load Testing of Unreinforced Masonry Walls

by

Daniel P Abrams and Nirav Shah

Department of Civil Engineering
University of Illinois at Urbana-Champaign

The report presents results of three laboratory experiments done to investigate in-plane lat-
eral strength and behavior of unreinforced masonry walls. The parameters of the experimental
study were the length-to-height aspect ratio of the test walls and the level of vertical compressive
stress. Wall specimens were newly constructed using reclaimed brick and a mortar representative
of older construction. Measured strength and behavior of the test walls is correlated with each
other, with computational models and with estimates based on nondestiuctive measurements.

Results of the experiments suggest that (a) an unreinforced masonry wall can resist more
than twice the lateral force resulting in the first crack, (b) inelastic deformation capacity can be
very large for walls that are cracked in both flexure and diagonal tension, (c) capacity for hysteretic
energy dissipation can be large despite cracking, and (d) cyclic behavior can be represented in
terms of behavior under monotonically increasing forces. These conclusions have an impact on
the way that nondestructive measurements are extrapolated when diagnosing levels of safety for
lateral strength of isolated walls as well as for complete building systems.
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CHAPTER 1.
INTRODUCTION

1.1 Preface

Lateral strength of a building structure may need to be evaluated when the function of a
building is redefined, when loadings are increased, when building code specifications are updated.
when risk assessments for insurance purposes are to be made, or when the structure shows signs
of deterioration. Buildings that have stood up for decades are well proven in terms of their capa-
bility to resist gravity loadings. However. their ability to resist lateral forces such as from earth-
quakes, winds, blasts or impacts may remain uncertain because extreme loadings seldom are real-
ized, and the structural system cannot be given a true test. Despite the small probability
associated with the occurrence of extreme lateral loadings, lateral strength of a building must be
estimated and checked against anticipated demands. This creates a paradox for a structural engi-
neer because he or she is forced to use analytical approaches that are sometimes left unproven.

When lateral strength of an unreinforced masonry building is to be evaluated, it is necessary
to resort to simple and conservative assumptions regarding behavior of walls or piers resisting
forces within their plane. Assumptions such as linear, uncracked behavior have to be employed
since little is known about behavior after the formation of the first crack. For cases of alternating
forces such as would occur when a building oscillates back and forth during an earthquake. very
little is known about the interaction of cracks in the masonry under repeated and reversed load-
ings.

Common assumptions used today limit lateral strength of a system to the strength of its
weakest element. The lateral load capacity may be limited to that force which is necessary to crack
the first pier or wall. If it can be shown that an unreinforced wall or pier can resist lateral force
after formation of the first crack with little or no loss of strength, then it may be assumed that
adjacent elements will not be required to foster the lost load. In other words. lateral strength of
the system may be assumed to be comprised of the combined strengths of all of its elements. If
this one assumption of ductile behavior can be made, then estimates of system strength may be
several times greater than those limited by the first crack of the weakest element. However, ductil-
ity of unreinforced masonry is still highly questionable because of the lack of experimental evi-
dence on its true behavior when subjected to lateral forces.

Behavior of unreinforced walls or piers subjected to in~plane lateral forces has been found
to be dominated by either flexure, shear or some combination of the two. Flexural behavior con-
sists of cracking along horizontal bed joints usually at the base of an element where the moment
is the Iargest. Flexural behavior is common for relatively tall elements with light amounts of verti-
cal compressive stress. Shear behavior consists of diagonal cracking either through bricks and
mortar joints for relatively weak bricks and strong mortars, or in a stair-stepped manner through
the mortar head and bed joints for relatively strong bricks and weak mortars. Shear cracking may
also consist of sliding along bed joints. Shear behavior is common for stocky elements with rela-




tively heavy amounts of vertical compressive stress. Combinations of flexure and shear behavior
may exist for elements that first crack in flexure, then redistribute shear stress across a smaller
uncracked portion, and subsequently crack in diagonal tension.

The purpose of the research reported herein is to investigate these three basic behavioral
modes for in-plane shear resistance of unreinforced masonry walls. Laboratory test data is pres-
ented on three sample walls of different height-to-length aspect ratios. Unlike former studies.
the focus of investigation is on behavior under lateral forces that reverse when they are repeated.
This report summarizes the laboratory tests. and presents experimental data that supports the
notion that unreinforced masonry walls or piers may indeed be considered as ductile elements
in resisting lateral forces. The underlying message that the research results give is that the post-
cracking behavior of an unreinforced masonry wall may be substantial. This implies that lateral
strength of a building syst>m may be estimated as the sum of its parts rather than be limited by
the strength of its weakest element.

1.2 Research Objective and Scope

The objective of this research was to quantify force-deflection behavior of unreinforced ma-
sonry walls loaded within their plane. It was of particular interest to examine (a) strength and
deformation capacity, (b) the influence of cracking on shear and normal stress distributions, and
(c) the relation between actual strength and nondestructive estimates of strength.

The scope of the research included a study of lateral force behavior of unreinforced masonry
walls dominated by flexure, shear or a combination of flexure and shear. Three walls were built
and tested in the Newmark Civil Engineering Laboratory. These walls were intended to represent
existing masonry structures built in the first half of this century. The walls were subjected to in-
plane shear forces, which were cycled according to a predefined pattern. Nondestructive tests were
done before testing to provide data on masonry shear strength for correlation studies with ultimate
strengths.

1.3 Background Information

1.3.1 Previous Research

The research reported herein is a subsequent project to an earlier one done by Gary Epper-
son and reported on in Ref. 11. In the Epperson study a series of six unreinforced masonry walls
were extracted from a building constructed in 1917, and transported to the Newmark Laboratory
for testing. Lateral forces were applied within the plane of the test walls while vertical compressive
stress was maintained constant for each wall. Though the test walls were only subjected 10 mono-
tonically increasing forces. the tests did reveal that an URM wall can possess substantial life after
initial cracking. Ultimate loads were from two to three times the strength at first cracking. and
the walls could resist considerable lateral deformations before the ultimate limit state was
reached. Because flexural cracks extended over half of the wall length. the effective shear zone was
greatly reduced.
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Weijia Xu (Ref. 6) developed an analytical model that determines distribution of shear stress
as influenced by effects of flexural and shear cracking. This study showed with the use of analytical
models, how shear stress is redistributed along the length of the wall once a crack has been formed.
Though the masonry was considered elastic in compression, force-deflection behavior of a wall
was represented in a nonlinear manner because of the progression of shear or flexural cracking.
An index value quantifying the likelihood of shear sliding along a bed joint was defined as the ratio
of applied shear stress to sliding resistance. Contour maps of the shear sliding index were drawn
that depicted the zone of a wall that was most likely to have a shear sliding failure. A computer
program and a set of tables were developed based on the analytical model for estimating lateral
strength of cracked walls.

Abrams (Refs. 2 and 3) proposed a simple procedure for assessing lateral strength of mason-
ry walls with little or no flexural tensile strength. The method relied on the redistribution of flexural
stress after cracking, and limited lateral force to that resulting in a permissible value of toe com-
pressive stress. Shear strength of the masonry was assumed to be effective across only the un-
cracked portion of masonry, and a reduction factor was proposed that accounts for the extent of
flexural cracking.

1.3.2 Present Evaluation Requirements for Masonry Buildings

Although standards for evaluating lateral strength of masonry buildings is still evolving.
there is one code that has emerged since the 1989 Loma Prieta Earthquake that has been used
extensively in California. There is a Appendix to the Uniform Code for Building Conservation
(UCBCQ) entitled Seismic Strengthening Provisions for Unreinforced Masonry Bearing Wall Buildings
(Ref. 20) that prescribes how the lateral capacity of a wall should be estimated. An allowable value
of shear stress, v, is given using the following equation :

P
ve = 01y + 0.157" (1.1

where: v, = allowable shear stress for unreinforced masonry; v, = mortar shear strength deter-
mined by in situ measurement (see discussion below): Pp = superimposed dead load: A= area
of unreinforced masonry pier. The total shear strength of a wall is then determined by multiplying
the allowable stress, v, by the gross area of a wall.

The assumption that shear stress is resisted across the entire gross section is appropriate
if no flexural cracking occurs along the base of a wall. Whereas it is a safe practice to limit flexural
tensile stress at the heel of a wall to an allowable value, past research has shown it to be a highly
conservative practice. The post-cracking strength of a wall has been shown to be as much as three
times larger than the pre-cracked strength. If post-cracking behavior is to be considered. a stan-
dard for strength evaluation should consider the wall aspect ratio (L/h) and the vertical compres-
sive stress, o, These two parameters will dictate the extent of flexural cracking. and thus the
amount of effective shear area. At present, these two parameters are neglected.

The termv; in Eq. 1.11s determined from a nondestructive test known as the “in-place shear
test” or in the testing methodology lingo as the “shove test” or the “pushtest.” The method consists




of removing a single brick to create a void where a small hydraulic jack can be inserted. The brick
adjacent to this void is the test brick which is sheared relative to its upper and lower mortar bed
joints (the head joint on the opposite side of the adjacent brick is also removed). The stress, vy,
is determined by the following equation:

Vie = (V;es? - PD+L)/Ab “2]

where Vi is the shear force measured with the in-place shear test; Pp 41 is the estimated gravity
force at the measurement location; and A, is the total area of the bed joints above and below the
test brick. The term vy, is the value that is exceeded by 80% of all test values, v,,. The 0.1 factor
in Eq. 1.1 includes corrections for the presence of a collar joint (a vertical mortar joint behind
the brick), the relation between peak and average shear stress for a rectangular section (ie., 1.5).
an understrength factor of 0.75, and an overall factor of safety of 3.75.

ASTM has recently proposed a standard entitled In Situ Measurement of Masonry Bedjoint
Shear Strength. This standard covers methods for the determination of the average bed joint shear
strength in existing unreinforced solid-unit and ungrouted hollow-unit masonry built with clay
or concrete units. Two methods are provided : Method 1 is for determining bed joint shear strength
when the amount of vertical compressive stress is controlled with thin hydraulic flat jacks that
are placed in the bed joints above and below the test brick. Method 2 is simpler and gives a single
value of shear strength based on the insitu vertical compressive stress. RILEM has also proposed
a similar method recently.

Pioneering research on the in-place shear test was done by Kariotis et el. (Ref. 1) with the
ABK research program. This test was adopted by the City of Los Angeles for their URM evalua-
tion standard, and was later used to formulate the UCBC provisions. Noland et. el. (Ref. 15 )
modified the in-place shear test to include a way to vary the vertical compressive stress with flat
jacks which was the basis of the ASTM Method 1 mentioned above.

1.4 Outline of Report

The experimental work is described in Chapter 2. Results of the experiments are presented
in Chapter 3. Implications of test results are discussed in Chapter 4. Summary and conclusions
are in Chapter 5.
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CHAPTER 2.
EXPERIMENTAL WORK

The outline of experimental work is presented in this chapter. The basic loading system is
first described which is followed by a description of the masonry wall specimens, the instrumenta-
tion, and the masonry materials.

Three unreinforced masonry walls were tested in the Newmark Civil Engineering Laborato-
ry. The walls were subjected to in-plane shear forces according to a predefined cyclic loading pat-
tern. Before ultimate load testing of the walls, non-destructive tests were performed to evaluate
lateral force capacity. Two variables were considered for the experiments : wall aspect ratio. and
vertical compressive stress.

2.1 Loading System

A typical wall in the loading rig is shown in Figs. 2.1 and 2.2. The boundary conditions at
the top and bottom of a wall test specimen emulated a cantilevered element, with both vertical
and horizontal loading applied at the top of the wall. Horizontal forces were applied at the center-

hydraulic jacks for vertical prestressing two 110-kip servo-hydraulic actuators
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Figure 2.1 Loading Rig and Wall Test Specimen

line of a test wall using a twin pair of 110-kip capacity servohydraulic actuators that were reacted
against a stiff post-tensioned concrete masonry reaction structure. Details on construction and
utilization of the reaction structure can be found in Ref. 18. Vertical compressive forces were
applied at the top of a wall specimen with a series of four pairs of hydraulic jacks. The jacks were
reacted with steel prestressing bars that were anchored into a concrete foundation pad. Vertical
forces were applied on the top of a concrete beam (Fig. 2.3) that distributed the forces to the top
of a wall specimen evenly. The concrete beam was also used to distribute horizontal forces.




Figure 2.2 Test Wall in Rig

The concrete foundation pad was prestressed to the strong floor so that it would not slide.
Ten (1.757 diameter) Dywidag steel prestressing bars were used to clamp the pad to the floor. Dabs
of hydrocal were placed at the pad-floor interface to verify that the base did not slide during a
test. Since no cracking of the hydrocal was observed, it is certain that the base did not slide. The
foundation pad was 14'-0" long and had a rectangular section with dimensions of 60™ by 18", The
beam was reinforced with #7 bars in both longitudinal and transverse directions.
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Figure 2.3 Loading Beam and Foundation Pad
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Vertical forces were applied using eight hydraulic jacks which were grouped in pairs and
positioned at three feet intervals along the length and width of the top beam. Each jack had a ca-
pacity of 30 tons, and was pressured with a hand pump. A total of two hand pumps were uced,
connecting four hydraulic jacks each with a common reservoir so that forces would be equal in
all jacks. High strength steel rods anchored in the concrete foundation pad were used to react the
hvdraulic jacks. A load cell was positioned at each hydraulic jack. Vertical stresses (the total veru-
cal force divided by the gross area of a wall) were 75 psi for specimen W1, and 50 psi for specimens
W2 and W3.

The horizontal load was applied to the flanges of the tor zoncrete beam, which in turn, dis-
tributed the lateral forces to the mascnry test walls. The first ram was controlled by a predefined
sequence of displacements, while the other ram was controlled in accordance with the measured
forces in the first ram. In this way, equal forces were applied on both sides of a wall specimen.
and control in the posi-peak region could be obtained.

2.2 Description of Test Specimens

Each of the three test specimens had a different height-to-length aspect ratio. Since the
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Figure 2.4 Description of Wall Specimens

height was kept the same so that the loading system did not have to be altered, the length of each
test wall was varied from 12'-0” to 9'-0” to 6’-0" to give aspect ratios ot 2.0, 1.5 and 1.0 for test
walls W1, W2 and W3 as shown in Fig. 2.4. A suinmary of specimen properties is given in Table
2.1

An American bond pattern was used for each specimen. Bricks were laid in running bond
with a header course at every sixth course. Professional bricklayers constructed the walls. Bricks




Table 2.1 Specimen Properties

L L/h Ag Sg i age f

, g a
Specimen feet inches? inches® | x 10’ inches® days oy
wi1 12.0 2.0 1123 26,960 1,941 120 75
W2 9.0 1.5 842 15,160 819 80 50
W3 6.0 1.0 562 6.740 243 85 50

allspecimens: 1 = 78" n = 60 tea!

1

were nominally 7.8” long by 3.5" wide by 2.2" high and were solid with no frogs.  The nominal
mortar joint thickness was ¥/g inch. The walls were two wythes wide with a collar joint between
them. The wall thickness was the length of a brick. or 7.8 inches. The collar joints were filled with
slushing of mortar in the cavity. Test wall W1 contained 24 courses of brick while test walls W2
and W3 contained 23 courses each. Because the reclaimed bricks had a high initial rate of absorp-

tion, they were soaked in water before placement.

Each masonry wall was set on the base beam in a layer of mortar. The top beam was then
positioned on top of each wall, with a layer of mortar between concrete and masonry. The mortar
joints were used to transfer the load from the top beam through the masonry wall to the base beam.
The mortar mix for these mortar joints was richer then the mortar mix of the walls so that cracks
would occur within the specimen and not at the interface with the apparatus.

Wall W1 was tested at 120 days. wall W2 was tested at 80 days and wall W3 was tested at
95 days.

2.3 Instrumentation

During the ultimate load tests, lateral deflection of the test walls was measured relative to
their base. In addition. several displacement transducers were mounted on the wall surface to
detect local shear and flexural strains. A typical arrangement of transducers is shown in Fig. 2.5,
Three vertical transducers were placed along each end of a wall specimen to detect strains result-
ing from flexure. Two sets of diagonal tiansducers measured global shear distortions of a test wall.

Distribution of shear along the wall base was determined by the series of transducers across
the base. Shear strain for each of the five x patterns of transducers was determined using the fal-
lowing geometrical relation

Lo (6d, + 6dy - dvisinf + dvssin B [21]
7 2hcos# -

where v is the calculated shear strain across a specified gage length: 847 and 8d> are the measured
deformations along the diagonals (elongation is positive for §d; and contraction is posttive tor
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Figure 2.5 Arrangement of Displacement Transducers on Wall Surface

8d>): 8v; and 8v, are the measured deformations along the verticals (contraction is positive for
8v; and 8v;); 6 is the angle formed by the diagonals and the horizontal, and 4 is the height of the
wall along which vertical deformations was measured. These variables are shown in Fig. 2.6. The
distribution of shear strain can be visualized by plotting the deduced shear strain at each of the
five gage points.

80,

dd; <\ sense is shown as

T positive for all variables

e

Figure 2.6 Nomenclature for Eq. 2.1

The six vertical transducers along the base of a wall specimen were also used to detect the
distribution of vertical strain.

2.4 Masonry Materials

Test walls were intended to represent structures built in the early half of this century. It vas
important that materials were selected such that test specimens would reflect structural character-
istics of an older masonry wall. Based on this criterion, it was decided that solid reclaimed brick
with relatively weak mortar be used in construction of test specimens.

Reclaimed bricks were obtained from a distributor in Chicago. Samples from three different
lots were chosen and taken back to the Newmark Civil Engineering Laboratory. Several ASTM




standard tests were run on the three types of bricks. Among them were the initial rate of absorp-
tion, the modulus of rupture and the flat-wise compressive strength. A final selection was made
based on the results of these tests. The type of bricks selected had an average compressive strength
of 3480 psi with a 6% coefficient of variation. The bricks were of consistent dimension and even
shape. A total of seven thousands bricks were then ordered and shipped to Newmark Laboratory
for this and another research project.

In order for the test specimens to represent old existing structures, it was necessary 1o select
correct proportions of the mortar mix. To help decide what type of mortar to use. prisms and quad-
lets (a shear specimen made out of four bricks. Figure 2.7) were built using Portland cement - lime
mortar Types N and O, and a lime mortar. Prisms were built with one brick in width and five
courses in height. A total of nine prisms were tested using the three types of mortar. These prisms
were cured for fourteen days before testing. The prisms were capped at the top and bottom for
proper contact with bearing plates and then tested in an universal compression testing machine.
The average prism strength was found to be 801 psi for mortar Type N with a 5.5 % c.o.v. The
average strength was 565 psi for mortar Type O with 4.8 % c.o.v. and 472 psi for lime mortar with
5.7 % c.o.v. It should be noted that these test results are at 14 days. A 6% to 7% increase could
be estimated for 28 days strength (Ref. 19).

Quadlets as shown in Figure 2.7 were tested for shear strength. A total of nine quadlets wers

Verticai Compressive Force

Mortar Joint—-w

Figure 2.7 Typical Quadiet Test Specimen

built with the three types of mortar. Because of it's zero tensile strength, quadlets made out of
lime mortar broke apart upon lifting. The average shear strength was found to be 56 psi for Type
N mortar with 49% c.o.v. and 83 psi for Type O mortar with 45% c.o.v. Because of the high data
scatter, results of quadlet tests were not given much consideration.

Based on results of the above tests. a decision was made to use Type N mortar for a target
prism strength of 1000 psi. This was thought consistent with the strength of brick masonry in the
first half of this century (Ref. 16). A total of seven prisms were built at the same time of construc-
tion as the wall specimens. After 28 days of curing, these prisms were tested in an universal com-
pression testing machine. The average prism strength was foun : to be 911 psi with a 185 c.ov.
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2.5 In-Place Shear Tests

The in-place shear test is a nondestructive test procedure which measures the strength along
the brick-mortar interface of a single brick. A brick unitis pushed in the horizontal direction with-
in the plane of a wall until a sliding movement is sensed (Fig. 2.8). The shear strength is then esti-

hydraulic jack and
load cell

displacement
/ transducer

/
removed brick removed head joint

Figure 2.8 Schematic Description of Shove Test

mated as the peak shove force divided by the area of the resisting mortar joints with the amount
of gravity stress at the location of test brick being subtracted.

Once a location has been established. a single brick, adjacent to the test brick, is removed
by drilling out the surrounding mortar joints. The head joint on the opposite side of the test brick
is also removed by drilling out mortar. A displacement transducer is mounted between the center
of the test brick and the center of the brick opposite the head joint which is removed to measure
sliding of the test brick. The horizontal force is applied to the test brick with a hydraulic jack. The
magnitude of the load is measured with a load cell. A typical force~deflection curve for a test brick
is shown in Figure 2.9.

By measuring the shear strengths at multiple vertical compressive stress levels. a relationship
between the ultimate sliding shear strength and the level of vertical compressive stress was estab-
lished. This relationship can be represented by the foliowing Mohr-Coulomb relation

T = ¢ + o,tané {2.2)

where 7 = shear strength; ¢ = cohesion coefficient; o, = vertical compressive stress: 8 = friction
angle. Since the vertical stress, oy, could be controlled using the test apparatus, various combina-
tions of normal stress and shear strength could be identified. Results of nine of these tests are
summarized in Fig. 2.10 *.nere measured shear stress is plotted versus the known vertical stress.
Analysis of the test data reveals an average value of cohesion equal to 100 psi and a coefficient
of friction equal to 0.50.
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Figure 2.9 Typical Shear Force-Deflection
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CHAPTER 3.
EXPERIMENTAL RESULTS

Results of the ultimate load tests are presented in this chapter for the three wall specimens.
Experimental information is given on crack patterns and damage, and their relation to observed

lateral strength and stiffness characteristics.

3.1 Cracking and Damage of Wall Specimens

The first wall, W1, failed in shear with no flexural cracking. This was expected since the wall

was stocky with an aspect ratioof 2.0. Atalateral

force equal to approximately 62% of the ultimate

load, a stair-step diagonal crack (marked with the letter a in Figure 3.1a) was observed. A second
diagonal crack (marked with the letter &) was observed just as the test wall was reaching its peak
lateral strength. The ultimate limit state for specimen W1 was diagonal shear cracking. It should
be noted that the limit state was reached after the second diagonal crack formed. This suggests
that a considerable redistribution of shear stresses had occurred after formation of the first crack,
and refutes the generally accepted opinion that behavior of unreinforced walls in shear is always

a brittle phenomenon.
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(b) Wall W2

(c) Wall W3

Figure 3.1 Observed Cracked Patterns

The second wall, W2, being less stocky than the first. and subjected to a lighter vertical com-
pressive stress, cracked initially in flexure. A horizontal crack along the bed joint immediately
above the bottom course was observed along approximately two-thirds of the base (marked with
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the letter a in the Figure 3.1b). Only until the very last half cycle of loading did a diagonal shear
crack occur (marked with letter ). This diagonal crack did not occur at the peak loads of the earli-
er cycles, but after the same maximum lateral force had been reached several times.

The shear crack for specimen W2 was a result of a lateral deflection rather than the lateral
force. It is surmised that with increased lateral deflection. the flexural crack grew in length, and
shear stress continued to be redistributed to the ever shrinking compression zone near the toe of
the wall. Thus, the concentration of shear stress increased though the lateral force did not, until
diagonal cracking occurred. Because the vertical force was held constant during the test. the total
restraining frictional force along the base of the wall remained constant though the resultant verti-
cal force had to shift across the wall to near the toe. This implies that flexural cracking did not
tend to reduce the overall shear strength which is the reason why the diagonal tension strength
could be reached well after flexural cracks were first observed.

Vertical splitting cracks, and spalling of bricks was observed at the toe of specimen W2 (Fig.
3.2) much like that for a masonry prism subjected to concentric vertical compression. This condi-
tion represented the ultimate limit state of the wall. A toe compression failure such as this may
be construed to be a flexural failure, however, it was precipitated by diagonal shear cracking.
Thus, the limit state for specimen W2 may be classified as a flexure-shear failure.

Figure 3.2 Toe Crushing for Specimen W2

The third test wall. W3 being a slender one, cracked entirely in flexure. A horizontal crack
along the bed joint immediately above the bottom course was observed along approximately 80%
of the length of the base (Fig. 3.1c). When the lateral force was reversed. the flexural crack occurred
on the opposite side of the wall and was then continuous along the entire length of the wall. The
ultimate limit state for specimen W3 was clearly a flexural failure that was mitiated by flexural
tensile crackir g at the heel, but was reached when the masonry at the wall toe crushed in compres-
sion.




3.2 Measured Strength and Behavior

Measured force-deflection relations for the all three walls are presented in Fig. 3.3. Lateral
forces were considered positive when in a westward direction or when the actuators were in com-
pression. Displacement transducers were set equal to positive values for westerly lateral move-
ments, or when their core was displaced into the instrument. Thus, the slopes of the force-deflec-
tion curves are always positive.

Peak lateral forces, Hyy,. defining the strength of each wall specimen are summarized in Table
3.1. These values are divided by the wall gross area to give a nominal ultimate shear stress, f,,,.
which is also listed in the table. Strength in terms of shear stress was largest for the stocky speci-
men at 85 psi and smallest for the slender specimen at 36 psi. This tendency was attributable to
the extent of flexural cracking. and the reduction in available shear area of the uncracked portion
as discussed in the next chapter.

Table 3.1 Measured Strengths

. fa Heracked f Hun, fo =
Specimen Lh psi Kips osi + _ A,
kips kips psi
Wi 2.0 75 - - 92 98 85
w2 1.5 50 35 115 43 45 52
w3 1.0 50 15 113 20 20 36

The peak strength for all three walls was as high as 1.3 times their initial cracking strength.
The striking feature, however, is the fact that the walls could resist lateral force while deflecting
to extremely large deflections (2% lateral drift or more). This ductile behavior had to be attribut-
able to friction acting along the bed joints due to the constant vertical compressive stress applied
to each test specimen. At very large drifts, mortar head joints were observed to be open to nearly
one inch. Thus, the vertical compressive stress made a significant difference on the apparent duc-
tility of the element.

Specimens W1 and W2 were subjected to four loading cycles while Wall 3 was subjected 1o
ten loading cycles. The behavior for loading in one direction did not appear to be influenced by
previous damage in the other loading direction. Cracks simply closed as the lateral force was re-
versed, and the masonry acted as if it were uncracked. Measured force-deflection relations reveal
a symmetrical pattern for reversed loading cycles. This corroborates the finding that cyclic behav-
ior for a limited number of cycles may be uncoupled into monotonically increasing load compo-
nents.

It should be noted from the hysteresis loops for the load-deflection for all three walls that
unlike a reinforced member, no change in stiffness (pinching) was observed upon reversal of the
load. This is due to the fact that previously opened cracks closed soon after the deflection was
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Figure 3.3 Measured Relations between Lateral Force and Deflection
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reversed as a resuit of the vertical compressive stress. Therefore, dissipation of energy through
hysteretic cycling, which is proportional to the area contained within the force-deflection loop.
would be quite high. This is contrary to the generally accepted notion that unreinforced masonry
is a poor dissipater of energy.

3.3 Toe and Heel Deformation

Bending moments result in vertical deformations at the heel and toe regions of a wall that
many times limit the lateral strength either through tensile cracking or compressive crushing. Be-
havior of the test walls is therefore expressed in terms of the measured relations between lateral
force and toe/heel deformation in Figs. 3.4 and 3.5. For the purpose of reporting. the roe region
1s that area which sensed compressive stress for positive loading (lateral forces to the west), and
the heel region is that area which sensed tensile stress for positive loading. Thus, for positive loads.
the 70e region senses compressive stress which is shown as positive in the upper half of the hystere-
sis curves of Fig. 3.4. When the loading was reversed to a negative sense (in easterly direction).
the same region is still termed the toe for presentation in Fig. 3.4 although in reality it acts as the
heel. Deformations become tensile which are shown as negative on the lower half of the figure.
Heel deformations are generally tensile for positive loadings in the upper half of Fig. 3.5, and are
thus negative. Thus, the slope of the curves is generally negative. When the load reverses to a nega-
tive sense, the region senses compression and acts as the foe. but is still termed the heel for presen-
tation in Fig. 3.5.  Since the test walls and the loadings are symmetrical. the curves of Fig. 3.4
are similar to those of Fig. 3.5 if they are flipped about their horizontal axes.

Peak vertical compressive strain for all three walls ranged from 0.003 to 0.005. These values
are to be expected for crushing of masonry. During unloading, a linear relation between force
and deformation was observed suggesting an elastic behavior. Cracks that had opened during
loading began to close immediately after the load started to be relieved. This is surmised to be
a result of the vertical compressive stress.

3.4 Apparent Flexural Tensile Stress at Heel

Specimens W2 and W3 each cracked in flexure. The lateral force required to crack the heel
region, Hergeked in Table 3.1, can be inferred from the first change in slope of the plots of Figs.
3.4 and 3.5. These values can then be used to infer the apparent flexural tensile strength using the
following common formula for summation of axial and flexural stresses.

P Mc
e = —— + —— 3‘
f, A I [ ”
P 6H. ., 1t
= e 2 lerucked] 12
or fu T + N5 13.2]

Using measured dimensions of the test walls, the apparent tensile strength of the masonry was
found to be equal to 115 psi for W2 and 113 psi for W2 as noted in Table 3.1.
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. CHAPTER 4.
INTERPRETATIONS OF OBSERVED BEHAVIOR

Experimental data on strength and behavior of the wall specimens was presented in Chapter
3. Inthis chapter, measurements are deduced further to show tendencies between each of the three
specimens. Four topics are addressed in this chapter: (a) the relation between lateral strength
and stiffness for the three wall specimens, (b) the distribution of shear strains across the base of
each wall, (c) the distribution of vertical strain across the base of each wall. and (9) how well nonde-
structive estimates of masonry shear strength approach actual ultimate strengths.

4.1 Comparison of Wall Behavior for the First Quarter Cycle

4.1.1 Force-Deflection Beuavior

Lateral force-deflection behavinr of the three wall specimens is compared in Fig. 4.1. So
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Fig{Jre 4.1 Force-Deflection Behavior for the First Quarter Cycle

that direct comparisons can be made between the three curves, measured behavior is shown only
for the first quarter cycle of loading. As noted in the previonus chapter, wall W1 was governed by
shear while walls W2 and W3 were governed by flexure. The gradual softening of wall W1 was
attributable to the formation of diagonal cracks (marked with the letter @ in Fig. 3.1). The limit
on strength for W1 was the formation of the second diagonal crack (marked with the letter b in
Fig. 3.1). The sudden changes in slope in the curves for walls W2 and W3 were attributable to
flexural cracking at the heel. Peak strength for W2 was limited by diagonal cracking whereas
strength for W3 was limited by toe crushing.

It should be noted that peak deflections shown in Fig. 4.1 are those that were arbitrarily set
as points of unloading for the first cycle, and do not reflect absolute deformation capacity. Howev-
er, the lateral deflection at which peak loads occurred are worth noting at 0.30.0.18 and 0.50 inches
for specimens W1, W2 and W3 respectively. In terms of lateral drift (deflection over wall height).
these deflections are 0.42%, 0.25% and 0.08%.




Because each wall had a different cross sectional area. it is obvious that the larger wall would
be stiffer and stronger than the smaller walls. To obtain a more meaningful comparison. lateral
force is divided by the gross area of a wall to give nominal shear stress and is plotted versus lateral
drift (deflection divided by the wall height) in Fig. 4.2. Itis obvious that the maximum shear stress
for each of the three walls was different. The most stocky wall resisted the highest shear while the
most slender wall resisted the smallest shear. The initial stiffness, the ratio of shear stress to drift,
was similar for each specimen. Both of these aspects are discussed in detail in this section.
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Figure 4.2 Measured Relation between Nominal Shear Stress and Lateral Drift

4.1.2 Lateral Stiffness

It is of interest to note that the initial stiffness was similar for test walls W1 and W2 when
expressed as the ratio of nominal shear stress to lateral drift (Fig. 4.2). A common slope of approxi-
mately 600 psi per 15¢ drift was observed for these two specimens. The more slender wall, W3,
had a larger normalized stiffness.

A common expression for the lateral deflection of a cantilevered wall is:

s o HP . _Hh
3Ed,  GaA, [4.1]

where H is the horizontal force. k is the wall height, E,, is the elastic modulus of masonry in zom-
pression, Ig is the gross moment of inertia. G, is the masonry shear modulus, and A, is the shear
area of the wall. The first term in Eq. 4.1 represents the flexural deformations while the second
term represents the shear deformations. The equation is based on elastic theory for an uncracked
wall, and its derivation can be found in most textbooks on structural analvsis.

Substituting L3/12 for I,. noting that the shear area is equal to 5/6 the gross area. Lr (for
a rectangular section). assuming that G, 18 equal to 0.4 E,,,. and dividing by 4 1n Eg. 4.1 gives:
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Noting that the nominal shear stress, f,, is H/Lt, and factoring reduces Eq. 4.2 10

o 1 h\?
2 N i 3
h E, 4(L) * 3 14.3]

from which the following expression for the slope (ratio of stress to drift) can be derived

Lo B
o/ [4(a/Ly + 3| 144]

For the three aspect ratios (L/h = 2.0. 1.5 and 1.0), the initial slope of the curves in Fig. 4.2
should be according to Eq. 4.4 equal to 0.250, 0.209 and 0.143 times E,,, for wall specimens W1,
W2 and W3 respectively. Assuming a value of 750 times f,,, for E,,, (which was measured at 911
psi) results in calculated values of the slope equal to 171, 143 and 98 psi per % drift for the three
test walls. These values are very much less than the measured values of 610. 610 and 1170 psi per
% drift (Fig. 4.2) suggesting that the test walls were much stiffer than what the calculations would
suggest.

4.1.3 Ultimate strength

Each of the three walls and limit states resulted in a different lateral strength. Wall W1 had
the highest strength (nominal shear strength of 85 psi) while walls W2 and W3 had strengths of
52 and 36 psi respectively. Shear strengths increased with aspect ratio as shown in Fig. 4.3. The
slightly disproportionately high value for W1 may have been attributable to the larger vertical com-
pressive stress.

The trend in lateral strength is corroborated by a simple theory proposed by Abrams in Ref.
2 that limits strength by toe compressive stress according to the following formula where £, is the
allowable average shear stress, f; is the vertical compressive stress, L/A is the length-to-height
aspect ratio, and Fy is the allowable toe compressive stress. The equation is based on the post-
cracking behavior of a wall that is cracked in flexure. After initial cracking at the heel of a wall,
the vertical force resultant shifts towards the wall toe until vertical stress exceeds the allowable
compressive stress.

_ Ly |1 _2f ,
fo = 1 (h) [z 31:;] 143]
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Figure 4.3 Observed Relation between Shear Strength and Wall Aspect Ratio

For purposes of comparison with the measured ultimate shear strength, f,4 is replaced with
f,u by substituting fi, for F,. The measured prism strength is 911 psi as noted in Chapter 2.
Strength estimates calculated using Eq. 4.5 are plotted on Fig. 4.3 for comparison with the mea-
sured data. Whereas the strength estimates are Jower, and thus conservative, they do follow the
same tendency with respect to aspect ratio as the measured data. This is somewhat surprising
since the formulation for Eq. 4.5 is based on a flexural mechanism, and wall W1 failed in shear.

Lateral force is plotted versus toe deformation for the first quarter cycle of each test wall
in Fig. 4.4. The initial value for the toe deformation for specimens W2 and W3 is a result of the
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Figure 4.4 Measured Relation between Lateral Force and Toe Deformation
vertical stress that was applied after the zero transducer reading was taken which was not done

for specimen W1. The peak compressive strains were on the order of 0.005 for walls W1 and W2
and 0.003 for W3. These values are within the expected range for masonry near crushing. and




correlate with the observed damage. The rather high compressive strain for wall W1 is of interest
since the wall failed in shear.

4.2 Distribution of Shear Strain along the Wall Base

As described in Chapter 2, shear strains across five gage lengths were measured across the
base of a wall specimen using the configuration of displacement transducers shown in Fig. 4.5
Readings from the two diagonal transducers were combined with readings from the two adjacent
vertical transducers to give a single value for average shear strain across the gage length. A sample
relation between lateral force and shear strain is shown in Fig. 4.6 to show the rature of the mea-
surement technique. Force-strain curves for all gage points for all specimens are given in Appen-
dix A.

Figure 4.5 Shear Distortion Measurement Locations
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Fig. 4.6 Typical Relation between Lateral Force and Shear Strain
(Specimen 2, point A)

Strain measurements for all five gage points are plotted in Figs. 4.7 and 4.8 to show the appar-
ent distribution of shear strain along the wall base. Distributions are shown for a few representa-
tive load levels during the first quarter cycle of loading in Fig. 4.7. Shear strain distributions are
for loading to the west or to the left in the figure. Thus the toe region is on the left-hand side of
the distribution. Curves shown in Fig. 4.8 demonstrate the nature of the distribution at first un-
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loading (the second quarter cycle) and at first reloading (the third quarter cycle) where the lateral
force is applied to the east, or to the right in the figure.

Inferring shear strain distributions from the five sets of displacement transducers is a new
method that was tried for the first time with this laboratory study. The measurement method is
an experiment in itself. It is evident by examining Figs. 4.7 and 4.8 closely that there are some
irregularities in the shear strain distributions that may be attributable to effects other than the
shear straining of the masonry. One major influence on the accuracy of the measurement is the
propagation of cracks through the gage lengths. When this happens. nearly all of the measured
deformation is a result of cracks opening and not straining of masonry. In addition, because any-
one shear strain computation is based on four independent transducers (and sometimes the ditfer-
ence between transducers) small instrument errors may be amplified. However. a few tendencics
do emerge from the distribution plots that suggest possible behavioral modes.

Shear strain distributions for wall W1 approached the parabolic distribution that is expected
for a linear, uncracked wall (f, = VQ/Ib). Because wall W1 did not crack in flexure. shear was
being distributed across the entire wall length. When load was reduced. shear strains reduced but
maintained the same distribution. When the direction of load was reversed. the distribution fol-
lowed the same pattern and resembled the common parabolic distribution.

The influence of flexural cracking on shear strain distribution can be seen with wall W2which
cracked in flexure along a bottom bed joint. Only the toe region of the wall sensed shear because
no shear stress could be transferred across an open flexural crack. Upon unloading. shear strains
in the toe region reduced to zero but kept the same distribution. When lateral force was reversed.
the same tendency was observed with the toe region (now, right-hand side) attracting nearly all
of the shear.

Shear strain distributions are not meaningful for wall W3 because the amount of shear stress
was light. The relatively slender wall cracked in flexure at the base at a small level of shear stress.
Shear strains were small, and it is not plausible to infer tendencies regarding distribution effects.

4.3 Vertical Strain Distribution

As noted in Chapter 2, vertical strain was measured at six different points along the wall base
with vertical displacement transducers as shown in Fig. 49.
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Figure 49 Vertical Strain Measurement Locations
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Measured relations between lateral force and strain at each point for the three wall speci-
mens are presented in Appendix A for reference. Distributions of vertical strain for a few repre-
sentative load levels during the first quarter cycle of loading is shown in Fig. 4.10 for the three
specimens.  Positive strain values are for compression. Loading was to the west. or to the left
in the figure. It is clear that each wall specimen was sensing compression at the toe region (on
the left hand side) and tension at the heel region. as would be expected. The location of the neutral
axis could also be inferred from the distributions.

The vertical strain distribution for wall W1 is somewhat inconclusive because of the relative-
ly light flexural stresses. and because of the anomaly at point D which was a result of crack a (Fig.
3.1) propagating through the gage length. However. at lateral force levels below 50 kips. wall W1
did sense compressive strain on the left and tensile strain on the right. The location of the neutral
axis was near the centerline of the wall as would be expected.

Vertical strain distributions for walls W2 and W3 clearly indicate that the neutral axis was
shifting towards the toe (to the left in Fig. 4.10) as the lateral force was increased. This finding
isin agreement with the observed crack development along the base of each wall. The distribution
of vertical compressive strain is nearly linear suggesting that the masonry was behaving as a linear
material, and that a simple triangular stress distribution (as commonly assumed) would be admis-
sible. Compressive strain at the toe is seen to increase disproportionately with lateral force as
would be expected as the uncracked compression zone continues to shrink. This finding strongiv
suggests that the ultimate limit state for flexural action is toe crushing and not tensile cracking.

fa= P/A

S H

Figure 4.11, Free Body Diagram of Wall Cracked at Base.

As lateral force is increased and the flexural crack across the base of wall. the resultant of the
vertical force continues to shift towards the toe until compressive stress is exceeded. Thus, an
unreinforced wall with no tensile strength can resist lateral force, H. and overturning moment.
Hh. through the vertical force couple that is created when the resultant force. P shifts a distance
e from the centroid as depicted in Fig. 4.11.
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Before the lateral force was introduced. a nearly uniform vertical strain distribution was
measured for each of the two walls which was a result of the vertical stress that was applied. The
even distribution verifies the fact that the forces applied by the series of vertical jacks were evenly
dispersed across the wall length.

4.4 Correlation between Ultimate Shear Strength and NDE Estimates

Since very few actual unreinforced masonry walls have been tested to failure. the evidence
needed for verification of nondestructive estimating methods of wall strength is scant. Therefore.
the measured ultimate strengths of the three test walls provide useful information on the accuracy
of NDE methods. As described in Chapter 2, one such method is known as the “in-place shear
test” or “shove test.” The test measures masonry shear strength at a single point. The question
that is explored with this study is how shear stress at a point can be integrated across the area
of a wall to give lateral component strength when a portion of the wall is cracked.

The previous discussion of the influence of flexural cracking on shear strain distribution sug-
gested that shear stress is resisted only within the compression zone. The cracked, tension zone
(for walls controlled by flexure) does not resist shear because stress cannot be transferred across
an open crack. Thus if a wall is cracked in flexure, it is not correct to rely on the full gross area
to resist shear, but rather a portion of the wall area. Correlations are made in this section between
the ultimate shear stress resisted by the three test walls and the shear stress that would be pre-
dicted by various procedures.

A description of the in-place shear test is given in Chapters 1and 2. The following formula,
which was presented as Eq. 1.1, has been adopted by UCBC (Ref. 20).

voa = 0.1y, + 0.15-%9- ) [4.6]

The term, v;, is the 20% percentile of in-place shear test data that have been reduced to a zero

gravity stress. The 0.1 factor times v; does not imply a safety factor of 10. A number of reduction

factors have been applied to the following equation to obtain Eq. 4.6.

3(3 P

v+ B
1.5

[4.7]

Vy =

where v, is the estimated ultimate shear strength. The denominator of 1.5 is used to translate peak
shear stress 1o average shear stress across a rectangular section. The first 3/4 factor is an under-
strength factor. The 3/4 factor applied to v, is a correction factor to account for possible shear
resistance provided by a collar joint. An overall safety factor of 3.75 is then applied to ultimate
values obtained with Eq. 4.7 to give values for allowable stress in Eq. 4.6.

The measured ultimate shear strength of each test wall is compared with three estimates of
wall stress in Table 4.1. Data in the table is also plotted in Figs. 4.12 and 4.13. The first set of
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Table 4.1 Measured Ultimate Shear Stress vs. NDE Estimates

measured A B C
strength b
3{3 fs)
2y, 4+ 2o P
. L _ H,, vy 4 (4 Vi A ) 0.1y, + 0.15-2
Specimen - f. | fu= A, Ts G A
psi psi psi psi psi
Wi 20| 75 85 91 75 21
w2 1.5 50 52 83 63 18
W3 10| 50 36 83 63 18

shear estimates (shown in Column A of table) represents the most direct comparison with the test
data. The shove test measurements are simply divided by a 1.5 factor to account for the difference
between average and maximum shear stress. In this case, average shove test values, v, are used
with no corrections for vertical stress since the identical vertical stress was applied during the
shove test as was used during the ultimate load test (values of v, were read from the line given
in Fig. 2.10). Thus, no assumptions of frictional coefficients need to be made. Also, because no
safety factors are applied, ultimate shove test values can be compared directly with ultimate wall
shear stresses.

B O t, = 50 psi
Q: 100 O f, = 75 psi W3 w2 wit
%, o0 Measured A
QC’ 80 _.. NDE estimates
& B
s 60
[}
&
= 40
£
£ 20 « & o, —=
<
1 1 I | ] ] ! 1
0 0.5 1.0 1.5 2.0

Wall Aspect Ratio, L/h
Figure 4.12 Wall Shear Strength vs. Aspect Ratio

Values in Column A are always larger than the measured strengths suggesting that the NDE
method is on the unconservative side. For wall specimen W1 which failed in shear with no flexural
cracking, the correlation with the measured shear strerzth (85 vs. 91 psi) is quite close. For the
other two wall specimens, W2 and W3, whose behavior was governed by flexural cracking. the ac-
tual strength fell far below the estimate (36 vs 83 psi for W3). The deviation between measured
and estimated strengths became larger as the L/h aspect ratio reduced. The difference may be
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attributable to a reduction in the available shear area with flexural cracking as discussed in the
previous section. With smaller aspect ratios, the extent of flexural cracking increases and the re-
duction in shear area reduces.

Results of the second calculation method are shown in Column B of the table. These values
have been calculated using a literal interpretation of Eq. 4.7. Values represent a slightly reduced
(by the 0.75 understrength factor) but ultimate strength. Data from the in-place shear test have
been reduced by a factor of 0.75 to account for a possible presence of a collar joint which wus
known to exist only partially if at all (the collar joints were slushed with mortar and not filled com-
pletely). Also in-place shear test data were reduced to give equivalent values for zero vertical stress
for input to Eq. 4.7. Since the measured coefficient of friction was 0.5, and 1.0 is used in Eq. 7.
this approach represents friction with larger values than observed.

Because of the various reduction factors used with calculation method B, the NDE estimates
approached the measured strengths closer than with calculation method A. Good agreement was
seen for wall W1 (75 psi estimated vs. 85 psi measured), however. for wall specimens controlled
by flexural cracking, W2 and W3, the estimated values again overshot the measured strengths (63
vs. 36 psi for W3).

Results of the third calculation method are shown in Column C of the table. These values
are a literal interpretation of the UCBC formula (Eq. 4.6). Because of the large saiety factor (3.75
plus other reduction factors), the estimated values were always less than the measured strengths
(as much as 85 vs 21 psi for W1, and as small as 36 vs. 18 psi for W3). The code approach resulted
in safe evaluations even though a wall may be cracked in flexure. However, the intention of the
large safety factor was not intended to account for these differences. The UCBC formula may need
to be reconsidered in terms of shear reductions resulting from flexural cracking.

Ouwuh=20 w1

20+ Coa— 8
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Figure 4.13 Wall Shear Strength vs. Vertical Compressive Stress
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By examining Fig. 4.13, it is apparent that there is a larger decrease in shear strength as a
result of decreasing vertical compressive stress than the code formulas express. Also, there is o
decrease in shear strength attributable to the aspect ratio, L/h, that the code approach neglects.
For the same vertical compressive stress (50 psi) specimen W3 had a smaller shear strength than
specimen W2. This is again a result of the influence of flexural cracking on shear transfer.
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CHAPTER 5.
SUMMARY AND CONCLUSIONS

5.1 Summary of Research

A series of three unreinforced masonry walls were constructed and tested to failure in the

Newmark Civil Engineering Laboratory. The test walls were subjected to vertical compressive
stress and lateral deflections. The length-to-height aspect ratio, and the vertical compressive
stress, was varied for each test wall. The insitu sliding shear stiength between brick-mortar inter-
faces was measured before the ultimate load tests using a nondestructive technique so that correla-
tions between actual strengths and estimates could be made.

5.2 Conclusions

1.

Test ‘valls resisted considerable lateral force after the formation of the first crack. For test
wal:s controlled by flexure, the resultant of the vertical compressive stress shifted towards
the toe after initial flexural cracks forraed. and thus provided a lever arm to react overturning
moments. For the test wall controlled by shear, the vertical compressive stress provided suf-
ficient frictional force to resist lateral loads after the formation of stair-stepped diagonal
tension cracks.

. Test walls resisted lateral forces in a ductile manner. Even the specimen failing in diagonal

tension could sustain lateral drifis .: excess of 2% while resisting forces over 60 of its neak
strength.

. Test walls behaved e¢lastically when lateral force was relieved. Previously opened cracks

closed soon upon unloading because of the restoring nature of the vertical compressive
stress. Unlike a reinforced member, no sudden changes in stiffness were observed when the
direction of load was reversed. Thus, the area contained by a hysteresis loop was large. and
energy dissipation would be high for reducing vibrations.

Behavior for loading in one direction did not appear to be influenced by previous loading
in the other loading direction. This suggested that cyclic behavior for a limited number of
cycles may be uncoupled into two sets of monotonically increasing load components.

For wall W2 that was controlled by flexural cracking, shear strains were noticed only in the
compression zone. A substantial redistribution of shear strain was observed as the flexural
crack propagated across the base towards the toe.

Nondestructive estimates of wall shear strength can be more accurate if shear is assumed
to be resisted by only the uncracked portion of wall. Thus for cracked walls, the L/h aspect
ratio and the amount of vertical compressive stress should be considered when extrapolating
NDE measurements of shear stress at a point to give component strength.

In summary, the limited number of test walls suggested that unreinforced masonry walls cai.

be considered as ductile elements capable of dissipating energy through hysteresis. The superior
performance of the test walls was attributed to the vertical compressive stress. Lateral strength
of a structural system comprised of unreinforced masonry elements may be assumed to be the
sum of strengths of all such elements rather than be limited by the strength of the weakest element.
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APPENDIX A
SHEAR AND VERTICAL STRAIN TEST DATA

A.1 Lateral Force vs. Shear Strain Relations

Asnoted in Chapters 2 and 4. shear strain was deduced from the series of five sets of diagonal
and vertical displacement transducers shown in Fig. A.1. Shear strain was computed using signals
from two diagonal and the two adjacent vertical transducers using Eq. 2.1. These shear strains
represent an average of the shear strains across the gage length, and are used to plot the distribu-
tions shown in Figs. 4.7 and 4.8. On the following pages of this appendix, the measured relations
between lateral force and shear strains at individual points (A through E) are given as reference
material.
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Figure A.1 Shear Distortion Measurement Locations

The excessive values of shear strain for Wall 2 at point A is because a crack passed through
the gage length.
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A.2 Lateral Force vs, Vertical Strain Relations

As noted in Chapters 2 and 4, vertical strain at six points acro<e the bottom of the wall were
measured with displacement transducers. The distribution of vertical strains for various force
levels is shown in Fig. 4.10. Vertical strains were deduced from the vertical displacement transduc-
ers shown in Fig. A5, These strains represent an average of the normal strains across the gage
length. On the following pages of this appendix. the measured relations between lateral force and
vertical strain at individual points (A through F) are given as reference material.
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Figure A.5 Vertical Strain Measurement Locations
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